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The influence of various salts on the aminoacylation of tRNA”” and the tRNA-like structure from turnip yellow mosaic virus RNA by yeast valyl- 
tRNA synthetase has been studied. As expected, increasing the concentration of salts inhibits the enzymatic reaction. However, in the presence 
of high concentration of ammonium sulfate, and only this salt, the inhibitory effect is suppressed. Under such conditions, the aminoacylation 
becomes comparable to that measured in the absence of salt. It was shown that ammonium sulfate affects both the catalytic rate of the reaction 
and the alhnity between valyl-tRNA synthetase and the RNAs. Because the affinity between the partners in the complex is increased when the 
concentration of the salt is high, it is suggested that hydrophobic effects are involved in tRNA/synthetase interactions. 
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1. INTRODUCTION 
Many types of forces contribute to the binding 
energy and specificity of nucleic acid/protein interac- 
tion [l-3]. Since nucleic acids are polyelectrolytes, a 
well accepted assumption is that electrostatic forces 
play the predominant role. Consequently, salts should 
inhibit nucleoprotein complex formation [2]. In the 
field of aminoacyl-tRNA synthetase recognition of 
tRNA it is well known that salts, such as sodium 
chloride, behave in such a way (e.g. [4-71). Unex- 
pectedly however, it has been found that the complex 
between yeast aspartyl-tRNA synthetase and tRNAASp 
can be crystallized in the presence of ammonium sulfate 
at high concentration [8-lo]. Interestingly, in such 
conditions the enzymatic activity is only slightly 
decreased [111. This effect of ammonium sulfate is not 
restricted to the aspartic acid system. A specific 
stabilization by this salt was also observed in the case 
of the ternary complex EF-Tu/GTP/valyl-tRNAvd 
[ 121. More recently, high concentration of ammonium 
sulfate allowed the crystallization of the complex bet- 
ween Escherichia coli tRNAGln and glutaminyl-tRNA 
synthetase [ 131. All these data suggest hat the observed 
effects are due to peculiar physicochemical properties 
of ammonium sulfate such as its salting out behavior 
[ 11, which likely favor formation of hydrophobic in- 
teractions between proteins and RNAs. 
To better understand the salt effects and to 
generalize the above assumptions, the influence of 
various salts on the interaction of two RNAs with yeast 
valyl-tRNA synthetase was studied. It was shown that 
complex formation and valylation of the tRNA-like 
structure of turnip yellow mosaic virus (TYMV) RNA 
and of tRNAVB’ occurs at high concentration of am- 
monium sulfate in contrast to what is observed with 
other salts, which exhibit inhibitory effects. These 
observations will be discussed in light of the existence 
of a balance between electrostatic and hydrophobic 
forces involved in protein/RNA complexes, which is 
shifted towards the hydrophobic component in the 
presence of ammonium sulfate. 
2. MATERIALS AND METHODS 
2.1. Macromolecules and chemicals 
Valyl-tRNA synthetase (a monomer of A4, 130000) and tRNAVa’ 
(Mr 25000) were purified from Saccharomyces cerevisiae as previous- 
ly described [14,15]. The enzyme exhibts a specific activity of 3000 
units per mg (nmol of valine~mgg’ .min-I); its concentration was 
calculated from an extinction coefficient at 280 nm of 
1.79 cm’.mg-‘. A tRNA-like fragment (159 nucleotides) was 
purified from TYMV RNA as described in [16]. Concentrations of 
the tRNA-like molecule and of tRNAVal were calculated assuming 
that 1 absorbance unit at 260 nm corresponds to 39 and 35 gg. ml-‘, 
respectively. tRNA-nucleotidyl transferase was used to reconstruct 
the CCA terminus prior to valylation of the tRNA-like molecules 
[16]. L-[‘H]Valine (25 Ci/mmol) was from the Commissariat a 
1’Energie Atomique (Saclay, France). Ammonium sulfate, enzyme 
grade, was from BRL (Gaithersburg, MD, USA). 
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2.2. Aminoacylation assays 
Aminoacylation assays were performed under optimized condi- 
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tions derived from [14]. Incubation media (50 ~1) contained 100 mM 
Tris-HCI at pH 8.0, 30 mM KCI, 12.5 mM MgCh, 5 mM ATP, 
2.5 mM glutathione, 80 ,JJM tritiated valine and the required salt. The 
concentrations of tRNAv” or tRNA-Iike fragment were 300 to 
800 CM. Reactions were initiated by addition of a catalytic amount 
(100 nM) of valyl-tRNA syuthetase. AIiquots of 2Oyi were 
withdrawn after 4 and 8 min incubation at 37% and deposited on 
Whatman SMM paper discs. The radioactive valyl-tRNA was 
counted in a liquid scintillation counter [14]. 
Tritiated vaIy~-tRNAv~, arn~u~~yla~~ in the conventionai man- 
ner, was used for affinity measurements with valyi-tRNA synthetase. 
Affinity constants of tRNA for the synthetase were determined by 
titration experiments using a nitrocellulose membrane filtration 
method [17] as modified in [6,7]. The medium was 100 mM 
potassium pbosphate buffer at pW 6.0, 2 mM MgCl2, 30 mM KCI, 
400 mM N&I, supplemented if needed with ammonium s&fate (4 M 
stock solution adjusted at pH 7.0). concentration of tRNA varied 
from 0.1 to 0.35 mM and that of the syuthetase was 1 mM. Before 
use nitrocellulose filters (Sartorius) were washed in the phosphate 
buffer supplemented with bovine serum albumin 10 mg.l-‘. The 
retention yield of the filters was 1525%. Affinities were evaluated 
from a Scatchard analysis. For one set of measurements 3 mg of 
tRNA and 4 mg of pure synthetase were neded. 
3. RESULTS AND DISCUSSION 
3.1. Vulylution of tRNA ‘“’ and of a tRNA-like 
molecule as a function of ammonium sulfate 
Fig.lA shows the variation of the valylation rate of 
yeast tRNAvd as a function of ammonium sulfate con- 
centration, As was observed with the aspartic acid 
system from yeast [l 11, the enzymatic rate decreases 
monotonically when the salt concentration increases, 
but remains significant (1.5%) at concentrations as high 
as I .6 M. This contrasts with what is observed in NaCl, 
which at 400 mM exhibits a strong inhibitory effect on 
valylation (6.5% remaining activity) (table I). A likely 
explanation for the ammonium sulfate effect at high 
concentrations would be the establishment of salt in- 
duced hydrophobic forces stabilizing the nucleoprotein 
complex. The fact that the aspartyl-tRNA syn- 
thetase/tRNA~~~ complex crystallizes with ~monium 
sulfate [f&-10] is a good argument in favor of this view. 
Because electrostatic interactions contribute to the 
stabilization of the complexes at low ionic strength 
[6,7], but also because ammonium sulfate favors 
hydrophobic effects 1181, the aminoac~lation curve 
displayed in fig.lA should reflect a combination of 
both electrostatic and hydrophobic effects. Since elec- 
trostatic interactions are strongly diminished at rather 
low ionic strength (see the NaCl effect) one expects an 
ammonium sulfate curve with a trough: first a decrease 
of the rate, reflecting the progressive loss of elec- 
trostatic interaction followed by an increase of rate 
corresponding to the establishment of hydrophobic in- 
teractions (at very high salt concentrations, the activity 
again should decrease, because of the salting out of the 
macromolecules). This predicted behavior is not 
observed for the ~inoa~~lation of tRNAya’ (fig.lA), 
nor for that of tRNAAfp fll]. Under optimal 
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Table 1 
Percentage aminoacyiation of yeast tRNAVa’ by yeast valyt-tRNA 
synthetase in the presence of various salts 
Salt Ionic strength 
0 0.4 0.8 1.2 2.2 2.7 3.23.43.64.0 
NaCI 100 6.5 0.2 0 0 -o--- 
<NH&SO4 100 42 24.5 22 15 - - - - - 
@JH&SO4 t NaCi 
im mM) - 6.5 - 0.5 0.8 1.6 - 4 - 4 
NH&l 100 67 2.0 0.3 0 -()-__ 
NH&I + NaCl 
(400 mM) - 6.5 1.3 0.4 0 0 - - 0 - 
Na2SOe 1004 0 0 0 -Q--- 
Na&X& + N&l 
f_ mM) - 6.5 0.6 0 0 - - 0 - - 
KSCN 100 0.5 0 0 0 - 0 - - - 
KSCN + NaCl 
(400 mM) - 6.5 1.8 0 0 - - 0 - - 
aminoacyl~tion conditions, the interaction between the 
tRNA and the synthetase may be too strong so that the 
hydrophobic interactions at high ammonium sulfate 
concentration cannot completely overcome the loss of 
electrostatic effects. As a consequence, the predicted 
biphasic curve should appear when ligands with less af- 
finity to valyl-tRNA synthetase are used. Such ligands, 
structural analogs to canonical tRNA, are found in 
viral tRNA-like fragments. 
RNAs from several plant viruses can be 
aminoacylated at their 3 ’ end [ 191. Although the se- 
quences of these molecules differ markedly from thos 
of tRNAs, they present three-Dimensions features 
analogous to those found in canonical tRNA ([19-221 
and references therein). The tRNA-like structure from 
TYMV is known to be efficiently aminoacylated by 
yeast valyl-tRNA synthetase [ 191. Although the kinetic 
parameters of its valylation reaction are close to those 
found for tRNAvaf, an increase in KM was observed, 
suggesting that the viral molecule interacts less strongly 
with valyl-tRNA synthetase than does tRNAVa” [23]. As 
predicted the valylation of TYMV RNA as a function 
of ammonium sulfate concentration gives a biphasic 
curve with a trough in the presence of medium salt con- 
centrations (fig. 1B). 
If the salt dependence observed with the tRNA-like 
molecule is only a consequence of the peculiar proper- 
ties of ammonium sulfate, one should be able to define 
experimental conditions under which this effect can 
also be detected with canonical tRNA, the classical 
substrate of aminoacyl-tRNA synthetases. A way to do 
this is to further lower the strength of the electrostatic 
interactions in the system. This was done by sup- 
plementing the valylation medium by 400 mM NaCl. 
The experiment displayed in fig.lC actuaily shows a 
biphasie variation of tRNAva’ ~noa~ylation rates as 
Fig. t. In&i rates of the aminoacylatian of yeast RNAv’ (A and C) 
and of TYMV tRNA-like fragment (13) by yeast valyl-tRNA 
s~thetase, as a function of amma~um ~~fate concentration. The 
cww displayed in panel C was nbt~~~~d by supplementing the 
aminoacylation medium with 400 mM NaCl, 
a function f arnMMlhu.n sulfate conce~t~a~on~ sinsar 
to what is observed titb the tea-bike structure of 
TYMV in the absence of NaCL Note* however, that the 
m~~rnurn F&i! of ~~~~ae~~at~~~ of fRNA- c&served 
at high ammonium suff&e ~o~~~~tratio~ and in the 
presence of NaCl does not exceed the values found 
under similar conditions in the absence of NaCl (com- 
pare figs 1A and C). 
3.2. Comparison of ammonium suifuttz with othersuits 
As discussed above, the effects of ammonium sulfate 
on aminoacylation rates differ from those observed 
with N&X Either ion, NEI$, SO?, or both ions, could 
be r~~o~s~bIe for the observed effects; therefore we 
have tested the infiuer~~ of ~rno~~rn chloride and 
sodium sulfate on tRNAVar ~rni~~~~y~~ti~~. Table 1 
clearly shows that high concentrations of these salts, 
either alone or supplemented with 400 mM NaCI, do 
trot stimulate the enzymatic rea~~i~~, rates. It can thus 
be concluded that the recovery of enzymatic activaties 
in the presence of ammonium sulfate is a consequence 
of the specific properties of the combination of am- 
monium and sulfate ions. In control experiments con- 
duczed in &e presence of KSCN, a ~h~otro~i~ s&t 
d~s~bi~i~~~ water she& arourrd rn~~~orno~~~ 
startles 138,24] enzymatic a&iv&& were compfetty 
~b~lis~~~ even at tow ~o~ee~tr~tio~s of KSCN. 
In the above discussion, we made the implicit 
assumption that aminoacylation rates in the presence of 
salts are directly correlated to the strength of 
tRNA/aminoacyl-tRNA synthetase interactions and do 
riot refiect possibfe rn~du~a~~ns in enzymafic 
rn~~~~~~rn~* This I& ~~~~~~~~ has to be considered 
since tRNA ~inua~y~a~~~~ and in particular va&Ia- 
tion f253, are mu&step processes with rate limiting 
steps that could be different at low and high am- 
monium sulfate concentrations. If so, variations in 
v~~yl~~~n rates would not ne~ess~~i~y reflect variation 
in the? strength of interaction between tRNA and syn- 
thetase. For example, a seryl-tRNA synthetase xhibits 
modulation by KC1 of the rate limiting step of tRNA 
charging [%I. Therefore, to support the interpretation 
discussed above, it is important to check if the affinity 
between tRNA and synthetasc is affected, T&s was first 
done by ~t~mination of ~~~~a~~~~-~~~~~~ ~ 
ffig2), In agreement with our views, the inverse of X= 
values, good approximations of affinities, first 
decrease with increasing ~rnrn~~~~rn sulfate molarities 
@ EO 0.3 M); further increasing the salt concentration 
f%~& to an increase of affinity, represented in this 
way* the & dependence of tRNA~~ with valyl-tRNA 
synthetase is superimposable on the initial rate 
dependence of valylation as shown in figs IB and C. 
Noteworthy, V,,, is affected by the presence of the salt 
and has an unexpIained maximum at 0.3 M ammonium 
sulfate; mo~over the specificity ~o~st~t ~~~~~~~) 
exhibits at me&ia~ SF& ~~~~e~~~tio~~ a DRUM 
w~~~~ could be due to both weak electrostatic and 
hydrophobic interactions. Affinity constants measured 
Cndependenrly at two ammonium sulfate concentra- 
tions varied in the expected way: hi;4 at 300 mM am- 
rn~~i~rn sulfate is about 2Oe 10’ MI”; at 700 MM of 
this salt it is increased by a f~~t~~ of 5. It must, 
however, be emphasized that these aumericaf values are 
only approximate since measurements were made at the 
limit of feasibility {due to the low affinity caused by the 
presence of 400 mM NaCf and of unknown effects of 
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0 . 
o,o 0.2 0.4 0.6 0.8 l,O :: 
Ammonium Sulfate CM) : 
H&L Variations of the kinetic constants, KM and Vma~, and of the 
specificity constant V,,,/l& of the aminoacylation of tRNAVa’ by 
valyl-tRNA synthetase as a function of ammonium sulfate 
concentration in the presence of 400 mM NaCl. 
The present valyylation studies of a tRNA-like struc- 
ture and of tRNAva’ show that complex formation bet- 
ween these RNAs and valyl-tRNA synthetase can be 
modulated by ammonium sulfate. Whereas low con- 
centrations of this salt decrease the strength of the in- 
teractions, high concentrations in contrast allow stable 
and active complex formation. These data on the valine 
system extend earlier observations on other tRNA/pro- 
tein complexes [II-131 and show that strong elec- 
trostatic interactions are not indispensable for 
interaction. Indeed they can be compensated by 
hydrophobic components as also proposed for 
DNA/protein complexes [3]. 
The complexes, stabilized by hydrophobic forces, re- 
main catalytically active with specificity constants 
similar to those observed in the absence of ammonium 
sulfate (fig.2). However, the question remains open 
whether discrimination of valyl-tRNA synthetase 
against non-cognate tRNA is maintained under such 
conditions where electrostatic forces are minimized. 
From another point of view and as a practical conse- 
quence we would hke to emphasize again the usefulness 
of ammonium sulfate as a crystallization precipitant of 
specific RNA/protein complexes [S-10,13]. In future 
work it would be important to investigate whether the 
peculiarity of ammonium sulfate similarly affects 
DNA/protein complexes, which have not yet been 
crystallized in the presence of this salt (e.g. 12,271). 
Acknowledgements: We thank V. Mikol and Y. Puglisi for critical 
reading of the manuscript. This work was supported by grants from 
Centre National de la Recherche Scientifique, from Minis&e de la 
Recherche et de I’Enseignement Superieur, and from Universite 

























H&ne, C. and Lancelot. G. (1982) Prog. Biopbys. Moiec. Biol. 
39, J-68. 
Schleif, R. (1988) Science 241, tf82-1187, 
Ha, J.H., Spolar, R.S. and Record, M.T., jr (1989) J. Mol. 
Biol. 209, 801-806. 
Smith, D.W.E. (1969) J. Biol. Chem. 244, 896-901. 
S&n, K.T. and Becarevic, A. (1971) Arch. Biochem. Biophys. 
145, 164-168. 
Bonnet, J. and Ebel, J.P. (1975) Eur. J. Biochem. 58, 193-201. 
Bonnet, J., Renaud, M., Raffin, J.P. and Remy, P. (1975) 
FEBS Lett. 53, 154-158. 
Giepe, R., Lorber, B., Ebel, J.P., Tbierry, J.C. and Moras, D. 
(1980) CR Seances Acad. Sci. (Paris) D, 291, 393-396. 
Lorber, B., GieggC, R., Ebel, J.P., Berthet, C., Thierry, 3.C. 
and Moms, D. (1983) 3. Bid. Chem. 258, 8429-8435. 
Ruff, M., CavareIIi, J., M&of, V., Lorber, B., Mitschfer, A., 
GiegC, R., Thierry, J.C. and Moras, D. (1987) J. MoL Biol. 
201, 235-236. 
Giege, R., Lorber, B., Ebel, J.P., Moms, I)., Thierry, J.C., 
Jacrot, B. and Zaccai‘, G. (1982) Biochimie 64, 357-362. 
Antonsson, B. and Leberman, R. (1982) Biochimie (Paris) 64, 
1035-1040. 
Perona, J.J., Swanson, R., Steitz, T.A. and SolI, D. (1988) J. 
Mol. Biol. 202, 121-123. 
Kern, D., Giege, R., Robbe-Saul, S., Boulanger, Y. and Ebel, 
3 .P. (1975) Biochimie 57, 1167-1176. 
Bonnet, J., Ebel, J-P., Dirheimer, G., Sbershneva, L.P., 
Krutilina, A.J., Yenkstern, T.V. and Bayev, A.A. (1974) 
Biochimie 56, 121 l-1213. 
Florentz, C., Mengual, R., Briand, J.P. and Giege, R. (1982) 
Eur. J. Biochem. 123, 8P-93. 
Yarus, M. and Berg, P. (L970) Anaf. Biochem. 35, 450-465. 
Van Hippd, P.H. and Schleicb, T. (1%9) in: Biological 
Macromolecules vo1.H (Timasheff, S. and Fasman, G. eds) 
pp.417-474, Dekker, New York. 
Haermi, A.L., Joshi, S. and Chapeville, F. (1982) Prog. Nucl. 
Acids Res. Mol. Biol. 27, 85-104. 
Rietveld, K.R., Pleij, C.W.A. and Bosch, L. (1983) EMBO J. 
2, 1079-1085. 
Joshi, S., Joshi, R., Haenni, A.L. and Chapeville, F. (1983) 
Trends Biol. Sci. 402-404. 
Dumas, P., Moms, D., Florentz, C., Giege, R., Verhxm, P., 
Van Beikum and Pieij, C.W.A. (1987) J. Biomol. Strut. Dyn. 
4,707-728. 
Giege, R., Briand, J.P., Mengual, R., Ebet, J.P. and Hirth, L. 
(1978) Eur. J, B&hem. X4, 25I-256. 
Record, M.T. jr, Anderson, CF. and Lohman, T.M. (1978) Q. 
Rev. Biophys. 11, 103-178. 
Kern, D. and Gangloff, J. (198f) Biochemistry 20,2065-2074. 
Dibbelt, L. and Zachau, H.G. (1981) FBBS Lett. 131,293-295. 
Joachimiak, A. (1988) J. Crystal Growth PO, 201-208. 
338 
